Cell-free particulate fractions derived from methylotrophic bacteria catalyze the oxygen-and reduced nicotinamide adenine dinucleotide-dependent epoxidation of alkenes and hydroxylation of alkanes. Evidence presented indicates that the hydroxylation and epoxidation reactions are catalyzed by the same or a similar metal-containing monooxygenase. Recently, we discovered that washed-cell suspensions of various obligate and facultative methane-utilizing bacteria catalyze the hydroxylation of alkanes as well as the epoxidation of alkenes. Epoxides have become extremely valuable products due to their ability to undergo a variety of chemical reactions. Ethylene oxide and propylene oxide constitute the two most important commercial epoxides.
The nature of the initial enzymatic attack on methane by obligate methane-utilizing bacteria has attracted considerable research effort in recent years. Strong evidence for the involvement of an oxygenase in the oxidation of methane came from 18Q experiments which demonstrated that the oxygen in methanol excreted by washed-cell suspensions of Methanomonas methanooxidans and Pseudomonas methanica, incubated under methane plus oxygen mixtures, was derived exclusively from molecular oxygen (8) . Subsequently, there were reports of NADHdependent methane oxidation in cell-free preparations from Methylococcus capsulatus (14) and Pseudomonas methanica (6) . Tonge et al. (15) purified the methane monooxygenase enzyme system from Methylosinus trichosporium and identified three components that are required for activity. The methane monooxygenase system of Methylosinus trichosporium oxidizes carbon monoxide, ethane, propane, and butane.
Recently, we discovered that washed-cell suspensions of various obligate and facultative methane-utilizing bacteria catalyze the hydroxylation of alkanes as well as the epoxidation of alkenes. Epoxides have become extremely valuable products due to their ability to undergo a variety of chemical reactions. Ethylene oxide and propylene oxide constitute the two most important commercial epoxides.
Colby et al. (5) reported that a unique soluble methane monooxygenase system derived from Methylococcus capsulatus (Bath strain) catalyzes the hydroxylation of CI-C8 n-alkanes, cyclic alkanes, and aromatic compounds and the epoxidation of C2-C4 n-alkenes.
In this report, we first describe the epoxidation of alkenes (C2-C4) by cell-free particulate fractions derived from several distinct types ofmethane-utilizing bacteria. We also present evidence indicating that the hydroxylation of alkanes and the epoxidation of alkenes are catalyzed by the same or a similar monooxygenase enzyme sys- Table 1 shows the specific activity and the distribution of the methane-and propylene-oxidizing activity in various fractions derived from these organisms. About 85 to 90% of the total activity was detected in the P(40) fraction, and 10% was detected in the P(80) fractions. The soluble fraction S(80) did not contain any activ- The effects of pH and temperature on the oxidation of methane and propylene by the P(40) particulate fraction of Methylosinus sp. (CRL-15) was examined by estimating the amount of methanol and propylene oxide formed after 5, 10, and 15 min of incubation of the reaction mixtures. The optimum pH for both hydroxylation of methane and epoxidation of propylene was found to be about 7.0 (Fig. 1) . Both activities peaked at 30 to 350C, and both were 50% lower at 400C. The methane-and the propylene-oxidizing activities of the P(40) particulate fraction of Methylosinus sp. (CRL-15) decreased simultaneously when stored at refrigerator temperature (0 to 40C). We attempted to stabilize the activity by various reducing agents such as dithiothreitol, f8-mercaptoethanol, or reduced glutathione (5 mM final concentration) without any success. 9) and finally suspended in the same buffer after being resedimented by centrifugatioh at 40,000 x g for 30 min. Potassium phosphate buffer (0:15 M) was used for pH 6 to 8. Tris-hydrochloride buffer (0.15 M) was used for pH 9 . The reaction mixture in 1.0 ml contained: 150 mM potassium phosphate or Tris-hydrochloride with appropriatepH value containing 3 ,imol of MgCl2 (0.8 ml), 10 ,mol of NADH, and the particulate P(40) fraction in appropriate pH buffer. The product ofreaction was estimated by gas chromatography after 5 It has been reported that the oxidation of methane by cell suspensions of methane-utilizing bacteria was inhibited by various metalbinding or metal-chelating agents (6, 9, 13, 14) . Hence, we examined the effect of inhibitors on methane-and propylene-oxidizing activities by the P(40) particulate fraction of Methylosinus sp. (CRL-15) . Various inhibitors were incubated with the P(40) particulate fraction for 10 min at 4°C. The products of the reactions were estimated by gas chromatography after 10 min of incubation of the reaction mixture at 30°C on a rotary shaker. The production of methanol and propylene oxide was inhibited (95 to 100% inhibition) by various metal-binding compounds. These included a,a-bipyridyl, 1,10-phenanthroline, potassium cyanide, thiosemicarbazide, thiourea, and 8-hydroxyquinoline at a final concentration of 1 mM. This suggests the involvement of metal ion(s) in the oxidation of both methane and propylene.
Since the methane monooxygenase from methane-utilizing bacteria is a copper or ironcontaining protein (4, 15) , we examined the effect of copper and iron salts on the oxidation of methane and propylene by the P(40) particulate fraction of Methylosinus sp. (CRL-15) . The rate of hydroxylation of methane to methanol and epoxidation of propylene to propylene oxide was increased approximately twofold in the presence of added copper salts.
The question of whether the same or a similar enzyme was involved in the oxidation of both substrates was examined by substrate competition experiments. The experiment consisted of determining the effect of methane on the oxidation of propylene to propylene oxide by the P(40) particulate fraction of Methylosinus sp. (CRL-15). There was a reduction in the amount of propylene oxide forned in the presence of methane (Table 3) . Hence, methane inhibited the conversion of propylene to propylene oxide, presumably by competing for the available enzymatic site.
It has been reported that the stoichiometry of methane consumption, NADH oxidation, and oxygen consumption by the particulate fractions derived from Methylococcus capsulatus (14) , Methylomonas methanica (6), and Methylosinus trichosporium OB3b (15) In this report, we demonstrated that the three distinct groups of methane-oxidizing bacteria catalyze the hydroxylation of alkanes (C0-C4) as well as the epoxidation of alkenes (C2-C4). Both activities mainly reside in the P(40) fraction and are dependent upon the presence of oxygen and of NADH as an electron carrier. The hydroxylation of methane and the epoxidation of propylene catalyzed by the P (40) (16) postulated that the enzyme system that fonns epoxides may be the same as the system that catalyzes the initial oxidation of alkenes. Cardini and Jurtshuk (2) found that a cell-free extract of a Corynebacterium strain carried out the oxidation of 1-octene to epoxyoctane in addition to hydroxylation of octane to octanol. McKenna and Coon (12) isolated an enzyme system from Pseudomonas oleovorans that catalyzed the hydroxylation of alkanes (C6-C12) and fatty acids. Subsequently, it was reported that the enzyme system from P. oleovorans also catalyzed the epoxidation of 1-alkenes in addition to the hydroxylation reactions (1, 11) . The enzyme systems from P. oleovorans (1, 11, 12) and Corynebacterium sp. (2) catalyzed epoxidation of C6-C12 alkenes. Epoxidation of C2-C5 alkenes was not catalyzed by the P. oleovorans enzyme system (1, 11, 12) .
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